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16 ADA*rBCt 

A fundamental concept called Intrinric Structural Tuning for reducing low frequency' cabin 
noi% and sontcally induced stresses in an aircraft fuxlage is presented. According to this 
oincept. the low frequeiKy re^ranse of the fusela^ Mructure may be reduced by intrinric 
tuning of the various structural members such as the skin, stringers, and frames and then 
applying damping treatments on these members. The concept has also been useful in 
identifying the key structural resonance mechanisms controlling the fuselage response to 
broadt^nd random excitation and in developing suitable damping treatments for reducing the 
structural response in various frequency ranges. In this report, the mathematical proof of the 
concept and the results of some labonttory and field tests on a group of skin-stringer panels 
are described. The results of this study show that in the so-called siiffnvis-amtrnlkd region, tlie 
noise transmission may actually be controlled by stiffener resonances, depending u|K)n the 
relationship between the natural frequencies of the skin bay and the stiffeners. Therefore, 
cabin noise in the stiffiwss-cnnrrolh it region may be effectively reduced by apply ins damping 
treatments on the stiffeners. 
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LOW FREQUENCY CABIN NOISE REDUCTION 
BASED ON THE INTRINSIC 
STRUCTURAL TUNING CONCEPT 


THE THEORY AND THE EXPERIMENTAL RESULTS 
G. SenGupta 

Boeing Commercial Airplane Company 


1.0 SUMMARY 


The fuselage of an aircraft is exposed to convected random pressure fields caused by noise 
from the jet engines and the turbulent boundary layer. In addition to satisfying strength, 
durability, and fail safe requiiements the fuselage structure should be designed to have a 
high transnnssion loss at low and mid frequencies and a long sonic fatigue life, all at low 
weight and cost. For this purpose, a concept called Intrinsic Structural Tuning has been 
developed. According to this concept, low frequency cabin noise and sonically induced 
stresses can be reduced by matching the first natural frequency of the skin bay, bounded 
by frames and stringers, with the corresponding natural frequency of the stringer segment 
supported between two frames, and then applying damping treatment on the stringer 
flanges. 

In this report, the mathematical proof of the concept and the results of some laboratory' 
test and field test on a group of skin-stringer panels are described. The initial analytical 
work and the laboratory tests were conducted as a part of the Independent Research and 
Development (IR&D) program of The Boeing Company. The field test was conducted in 
conjunction with the full-scale test of the YC-14 upper surface blown (USB) propulsion 
system, under the joint NAS.VUSAF contract. 

A good correspondence between the analytical predictions and the results of the labor- 
atory and field tests has been observed. The following points have emerged from the 
study . 

1. Analytical studies indicate that when the structural elements are intrinsically tuned, 
the response of a skin-stringer panel does not pass through a peak at a frequency 
close to the fundamental frequency (fp) of the individual skin bay clamped along 
the stringers and simply supported along the frames. On the contrary, the response 
of the panel is reduced considerably around this frequency. This has been verified 
by laboratory and field tests. 

Analytical studies also indicate that two other modes appear at frequencies above 
and below the frequency. The responses of both these modes can be reduced by 
applying damping treatment on the stringers. This has been verified by the labora- 
tory and the field tests. 



2. Laboratory test dat? indicate that with no external damping treatment, the pane! 
damping lo«s facfcns of the low frequency modes pass through a maximum when the 
skin and stringers are intrinsically tuned. 

Laboratory' test data also indicate that in the absence of any external damping treat- 
ment. the skin stringer panel response of the most dominant low frequency mode 
passes througli a point of diminishing return when the tuning condition is satisfied. 

3. A significant reduction of low frequency noise radiation and bending stress response 
can be achieved by designing the starcture so that the skin panel frequency is higher 
than the stringer frequency and then applying damping treatment on the stringer 
flanges. This was demonstrated by both the laboratory and field test results which 
were in good agreement with the theoretical analysis. 

4. ('ux>d agreement was obtained between the predicted and measured natural fre- 
quencies and mode shapes. The pr-*dicted and measured root mean square (nns) 
velocity responses at lire skin pane, center were compared for the most dominant 
low frequency modes and an agreement was obtained within a factor or tw’o. The 
predictions were based on the a.ssumption that the test panels were infinitely long. 
Considering this and other factors that were not taken into account in the simplified 
theory . the agreement is reasonable. .A better agreement could be obtained by 
including the above factors in a more detailed analysis. 

.'i. The past attempts on reducing low frequency cabin noise were based on increasing 
the structural stiffness since it was believed that low frequency cabin noise was con- 
trolled by the fuselage structural stiffness. The present study has pointed out that 
rcductior. of low frequency cabin noise by using this approach follows a law of 
of diminishing rctuni. Secondly . in what is usually regarded as a siiljucss controlU’d 
region, the noise transmission may actually Ih' controlled by stiffener resonances, 
depending upon the relationship between the natural frequencies of the skin bay 
and the stiffeners. T herefore, cabin noise in l\w stif lncss cnnirollcJ region may be 
effectively reduced by applying damping treatment on the stiffeners. 

Low fre<iuency cabin noise and sonieally induced stresses can. therefore, be effec- 
tively reduced by using the following criteria based on the Intrinsic Structural 
Tuning concept, namping should he ai'i'hcil on the .skin if the skin-bay frequency 
is lower than the stringer frequency. Damping can be applied on the skin and on 
the stringers, if the structure is intrinsically tuned. For maximum low frequency 
noise reduction, the structure should be designed so that the skin frequency is 
greater than the stringer frequency, and then damping should be applied on the 
stringers. Additional skin damping t.apes can also be applied to the skin for ad- 
ditional benefit in the mid frequency range. 



2.0 INTRODUCTICN 


The fuselage of an aircraft is exposed to convected ratidom pressure fields caused by noise 
from the jet engines and the turbulent boundary layer. Because of high power and light 
weight requirements, the aircraft designer is severely challenged to achieve acceptable interior 
noise levels and sonic fatigue life. In the past, cabin design for minimum noise levels nor- 
mally was based on experience from past airplane design, infligi.t measurement, and sub- 
sequent application of acoustic treatment to meet some pre-det;miined noise level. 
Application of acoustic treatments always follow a law of diminishing return. Therefore, 
the need for designing the fuselage structure to act as an efficient noise barrier with a 
satisfactory sonic fatigue life is becoming more and more apparent with current trends in 
aircraft design toward maximum structural efficiency and fuel economy. Although 
commercial transports do not experience sonic fatigue on fuselage structure, this can be 
.. problem in STOL and military aircuf! 

Control of low frequency interior noise has been difficult in all commercial and general 
aviation aircraft. The YC-14 upper surface blown tUSB) and the YC-1 5 externally blown 
flap (FBF) STOL aircraft are expected to have higlier levels of low frequency interior 
noise and sonically induced loads, because of the proximity of the engines to the fuse- 
lage, dominance of low frequency components in the USB or EBF environment, and the 
higli degree of convection and correlation of the nuctuating pressure field exciting the 
fuselage structure, possibly tender coincidence conditions (refs. 1 a.id 2 ). Control of 
low frequency interior noise in the fuel efficient, propfan aircraft is also likely to be a 
difficult task. The existing sound atter nation techniques (i.e.. application of lead vinyl 
and fiberglass insulation) are less effective at low frequencies. Therefore, low frequency 
interior noise and sonically induced stresses can mainly be reduced by a proper design 
of the fuselage structure and by making the fuselage sinicture au integral part of the 
sound proofing system. 

For this purpose, a concept called Intrinsic Structural runiiig. for designing a fuselage 
structure with reduced cabin noise and sonically induced stresses was developed (ref. 3). 
.-ccording to this concept, the low frequency response and sound radiation from the skin 
panel can be reduced by designing the structure so that the skin panel and stringers are 
intrinsically tuned to each other, and then applying damping treatment on the stringer 
tlanges. The theory' is discussed in detail in section 4.0. Based on this theory, four 
skin-stringer panels were built and tested in the laboratory. In that test, the panels 
were excited by a set of electromagnetic shakers, connected in series to simulate higlily 
coherent near field jet noise and fed by current from a white noise generator. The 
results of the laboratory' test confirmed the analytical predictions. These results are 
summari/ed in section ,S.O. 

Three of these panels were tlien exposed to the near field noise environment generated 
by the full-scale. YC-14 engine-wing-fiap test rig. under a joint NAS.A/US.^F contract. 

The details of this field test and the primary results are presented in sections b.O and 
7.0. The final conclusions are presented in section 8.0. 
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3.0 SYMBOLS AND ABBREVIATIONS 


A. B. C. D 

{A} 


a 

b 

C 

ws 


IX* 


sk 
l>sk 
^ sk’ 
lhx)l 
[t(a)| 


•c 


St 


f. 


s 


*ST 

C 


St 


(II 

X. 


'st 


Kj 

M,. Ms 

n 

P 


Coefficients in equation ( 1 2) 

A column matrix consisting of A. B, C, D, equation (15) 

Cross sectional area of the stringer 
Stringer spacing 
Frame spacing 

Warping constant of the stringer cross section, about the point 
of skin contact 

Trace velocity of the excitation field 
Damping constant, critical damping 

= *\k < ' + ‘"Jsk' 

Skin flexural rigidity 

Young's niodulii ‘or skin and stringer materials, respectively 
A matrix as defined in equation (15) 

= (F-tx)! at X = a 

Frequency of acoustic coincidence excitation 

Fundamental frequency of the basic panel of dimensions axb, 
with clamped edges at the stringers and simply - supported edges 
at the frames 

Fundamental bending frequency of the stringer, simply - sup- 
ported at the frames 

Fundamental torsional frequency of the stringer simply - sup- 
ported at the frames 

Shear modulus of the stringer material 
Identity matrix 

Polar moment of inertia of the stringer cross section about the 
point of skin contact 

Moment of inertia of the stringer cross section in bending 

= VT- 

St. Venant constant of uniform torsion for the stringer cross 
section 

O) 

Wave number = p 
'‘t 

Dynamic rotational stiffness of the stringer 
Dynamic bending stiffness of the stringer 
Bending moments at stations 1 and 2, respectively (fig. lb) 
Number of flexural half waves between two frames 
= l\v I D*|^ (ic“ + XT) (k- - Xx)| 
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Po 

(S) 

Sj,S2 

Sy (W), S|^(Ct)), Sp(oj) 
Sp a,w) 
t 

w 

X 

y 

|Z}.|Zo}.|Z,f,|Z2f 

TJ-TJ 

^sk 

0|,02 

X 


Xx 

u 

? 

)T 

Psk- Pst 


Amplitude of the pressure wave, assumed to be unity in the 
computation 

A n'atrix, dependent on stringer bending and rotational stiff- 
nesses 

Shear forces at stations 1 and 2, respectively (fig. lb) 

Power spectral densities of velocity response, bending moment 
response, and pressure field, respectively 

Cross spectral density of the excitation at two points separated 
by i 

Skin thickness 
Deflection 

Coordinate perpendicular to the stringer axis 

Coordinate parallel to the stringer axis 

State vectors at x, and at stations 0, 1, 2 respectively (fig. lb) 

Axis of the stringer passing through its c.g., and perpendicular 
to the skin 

Axis of the stringer passing through its c.g., and parallel to the 
skin 

Skin loss factor 

Slopes at stations 1 and 2, respectively, (fig. lb) 



Poisson’s ratio of the skin material 
Distance of separation 
= 3.14159265 

Densities of skin and stringer materials, respectively 


r 

• Shear center 
I Point of skin contact 
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4.0 THEORY 


During takeoff, the aft section of an aircraft with wing-mounted engines is subjected to near 
field noise from the jet engine operating at maximum power. The incident jet noise generates 
structural wave motion in the skin. These structural waves in turn excite acoustic waves in 
the cabin interior. When the convection or the trace velocity of the pressure field coincides 
with the natural flexural wave speed in the stiffened fuselage skin at a particular frequency, 
large coincidence peaks appear at that frequency in the structural response and radiated 
noise spectra. A simplified skin stringer model (fig. la) consisting of an infinitely long, flat 
and unpressurized skin, simply supported along the frames and stiffened by stringers at 
regular intervals is often used to predict tn, natural frequency distribution and the response 
spectra. In this model, the stringers are also assumed to be simply supported at the frames. 
For the sake of simplicity, the same model will be used in the present analysis. However 
these simplifying assumptions arc not in any way essential for the concept to be applicable 
in a more general situation. 

When the flexural waves travel along the length of the structure and meet a discontinuity 
such as provided by a stringer, a part of the energy associated with the waves is reflected 
back, a part is absorbed by the stringers executing torsional and bending vibration, and the 
remaining part is transmitted to the next panel (fig. lb). This wave propagation mechanism 
in a periodic structure has been studied extensively (refs. 4 through 25). To summarize, 
a periodic skin-stringer structure acts like a band pass filter in certain f'equency zones, 
bounded by on t-o (-phase and in-phase modes of the stiffened structure. Within these 
frequency bands, known in the literature as free propagation zones (FPZ). a special class 
of free flexural waves can be excited under coincidence conditions (fig. 2). The coincidence 
frequeni ies fall within the free propagation zones. I'sually. the peak at the lowest co- 
incidence frequency is the largest and is of major concern. Outside the free propagation 
zones, no coincidence excitation of flexural waves is possible. 

It should be noted that these free propagation zones are the characteristics of period- 
ically stiffened structures only. In an infinite beam without any stiffener, coincidence 
excitation is theoreiicalh nossible at a single frequency for a given tr;*'; velocity (fig. 3). 

In an infinitely long unstiffened strip o‘" a finite width supported a the frames, coincidence 
excitation is possible at two frequencies, due to a given convection velocity, for a given 
number of half-waves between the frames (fig, 4). The lower frequency, in mo.st cases, 
is close to. or of the order of the natural frequency of a finite beam of the same thick- 
ness, supported at the frame" The higlier frequency is close to the coincidence frequem y 
that would be calculated by treating the strip as an infinitely long beam. 

The presence of the stringers, therefore, drastically alters the range of frequencies w'ithin 
which structural waves may be excited under coincidence condition. At the coincidence 
frequency (f,.). the waves reflected ty any two successive stringers reinforce each other 
and the amplitude of panel vibration builds up to c large value. For an infinite trace 
velocity, the coincidence (f^l is close to the natural frequency (fp) of the panel with 
clamped edges at the stringers and simply supported edges at the frames (fig. 2). The 
pro .'ess of reflection of energy by the stringers depends on the stringer stiffness in bending 
and torsion. In order to understand this process, let us take a look at a flexural wave as it 
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(Msses from otM skle of the stringer to the other. The di^lacement and die slope assodated 
with this bending wave are the same on the two sides of a stringer because of continuity. 
Therefore, referring to fig. lb. 


W 2 = W, 

In addition, the moments and the shear forces on the tivo sides of a stringer will have to 
satisfy the equations of equilibrium. 

Therefore, 


M 2 -M| = Kr 0 j 
S2-S1 =-KjW| 


where and Kf are the rctational and translational stiffnesses, respectively, of unit length 
of the stringer. Th^ equations apply strictly to stringers of symmetric cross section, such 
as a top-hat section. Expressed in a matrix form, these equations reduce to 




1 0 0 0“ 



02 


0 10 0 


«i 


1 = 




Ml 


0 K|^ 1 0 


Ml 

S-, 

k ■“ 4 


H 

0 

0 


Si 


( 1 ) 


In the present case, an excitation field with an infinite trace velocity has been assumed. 
Further simplification is possible under such conditions. For white noise at normal incidence, 
the trace velocity C| is infinity, and the wave number k {= ^ ) is zero at any frequency w. 
This means that at any frequency, the adjacent panels vibrate in phase and the stringers 
cannot rotate. Then the slope at each stringer location becomes zero, and the following 
equation applies; 


W 2 = Wi 
M 2 =Mi ^ 
S 2 -Sj=-KjW, 

The corresponding matrix equation is then obtained as: 


W2 


~1 

0 

o' 


Wl 

M2 


0 

1 

0 

' 

M, 

S ■) 

k 4 


H 

0 

1 


Si 


( 2 ) 


( 3 ) 
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If the stringers were now removed, equation (3) would reduce to 

Wj] n 0 d] [Wj 

< M 2 0 1 0 ' Mj ’ (4) 

S2 0 0 1 S| 

The presence of the stringers then contributes to one element of the transfer matrix when 
die trace velocity is infinity. This term arises because of the stringer bending stiffness K*}*. 

It is now apparent that if, somehow, we could get rid of this particular element in the matrix, 
there would be no strong reflection (and hence no reinforcement) in the panel response. One 
way to achieve this would be to physically remove the stringers and build a stringerless 
structure. However, the stringers are generally requited because of static strength consid- 
erations. The purpose of the present study is to present «n alternative way, so that the effect 
of reflections caused by the stringers can be minimized. 

In order to introduce dtis alternative way, let us look at the problems a little more closely. 
According to Lin (ref. 26), the expresrion for Kf for a stringer conndered to be simply 
supported at the two successive frame locations is given by 



where the various parameters are as defined in the List of Symbols. (In equation (S), Kp 
is identical to the parameter “e” of equation (14) of ref. 26. The notation Kp is used here 
for the sake of clarity, since it denotes the translational stiffness of the stringers.) Kj 
therefore is a function of frequency. .As frequency increases, iC-p decreases. At the fund- 
amental natural frequency of the stringer in bending, Kj becomes zero. This frequency 
is obtained by setting K|- = 0 and is given by 



Therefore at this frequency (ty pically 300 to 400 Hz), the presence of the stringers is not 
felt by the skin, and the skin appears stringerless. At frequencies below fj, Kj is positive. 
Above fj, Kj is negative; i.e., stringer impedance is then primarily caused by its mass. The 
coincidence frequency f^ caused by an infinite trace velocity is generally close to the panel 
natural frequency fp. For takeoff situations with no pressurization, f_ is typically 100 to 
200 Hz. When the panel frequency is much smaller than the stringer n-equency, the stringers 
appear too stiff, and there is a strong panel response at a frequency close to the panel 
natural frequency (fp). On the other hand, if the stringer frequency is much smaller than 
the panel frequency the stringers appear too massive for the pane! vibrating at fp. There- 
fore. it should now be obvious that if the stringer and panel dimensions were chosen in 
such a way that the condition 

fp = fs (7) 
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was satisfled, ttie stringers would not offer any impedance to the bending waves prop- 
agatmg at fp. The mechanism of buildup of flexu^ energy at the panel natural h«quency 
would then oe destroyed, and the large response at fp would disappear. Therefore, under 
such conditions, the panel would act like a stringeriess structure at the frequency fp. If 
the stringers and the puiels are designed so that they satisfy the usual statte strengu re- 
quirements and also are tuned to eadr other according to equation (7), we will then have 
a structure that is stiffened for static purposes and stringeriess from the dynamic point of 
view; Le., the structure will act efficiently under both static and dynamk loading conditions. 


It should be pointed out that equation (7) gives the condition to be satisfied when the 
trace velocity of excitation is very hi^. This would usually be the situation in most cases. 
However, if the excitation trace velocity is such that there is coincidence excitation of the 
stringer torsion mode of the stiffened panel (fig. 2), the situation becomes entirely different 
(In this mode, the skin bays on the two sides of a stringer ribrate out of phase, with the 
stringers undergoing torsional oscillation.) The stringer torsional stiffness then plays the 
most important part in impeding the flexural waves. The panel deflection at the stringers 
being ne^igible. the effect of tire stringer bending stiffness Kj is no longer significant at 
this frequency. The exprmion for K|^ from reference 26, is given by 


“ Vws (^f * * ^st*s"^ 


( 8 ) 


where the parameters are as defined in the List of Symbols. (In this equation, Kj^ is 
related to the parameter “C” of equation (14) of ref. 26. The notation is used here 
for the sake of clarity, since it denotes the rotational stiffness of the stringers.) U is seen 


that Kf( is frequency-dependent and it goes to zero at 





(9) 


Proceeding in the same manner, it can be shown that in tius case the stringer torsion fre- 
quency of the stiffened panel. In general, if the coincidence frequency is somewhere in 
between the out-of-phase mode (stringer torsion) and in-phase mode (stringer bending) 
frequencies of the stiffened panel, the stringers and the panel should be designed so that 
Kj^ and Ky go to zero around that frequency. 


It should be noted that in all these cases, the behavior of the stringers is analogous so that 
of the tuned dampers. However, in the present case the stringers suppress the coincidence 
excitation of flexural waves and, therefore, they may be viewed as acting like tuned 
wave dampers. A stiffened structure in which the components are tuned to each other 
may be called an Intrinsically Tuned Structure. 


Based on these ideas, a theory for verifying the concept was developed. This is reproduced 
in section 4. 1 . 


4.1 DERIVATION 

The theory uses the simplified skin-stringer model shown in figure 1. Let us consider the 
response of this structure to random acoustic plane waves simulating jet noise, travelling 


13 



with a trace velocity along the length of dte panel. The spectral density of the acoustic 
preffiure at any point on the structure is denoted by S-fcu). The cross-spectral density of 
the pressures at two points on the structure, separatee in the streamwise direction by is 

Sp^.w) = Sp(w)-ig^{ 

v^ere is the circular frequency. 

The power ^ectral density (PSD) of skin velocity response Sy (w) or skin bending moment 
response S|^{((u) is related to that of the excitation Sp((i>), in the following manner: 

Sy(tu) = lYy(w)|2 Sp(w) 

and 

where Yy(w) and Yj^(«) arc the response admittance functions; J.e.. velocity and bending 
moment response of the skin caused by a travelling ^usoidal pressure Held 


of unit amplitude. 


ei(«t'^ x) 


Section 4.2 describes how Yy(«) or Yj^|(u) is determined. It is assumed (for simplicity 
in this presentation) that the pressure and associated re^nses varv across the skin in 
proportion to sin ^ . The andysis is then carried out in terms of the amplitudes of the 
fundamental components of the p’vssure and responses. The total response over a wide 
frequency range is. of course, given by the summation of all the components associated 
with all the half waves between the frames. 


4.2 RESPONSE TO AN ACOUSTIC PLANE WAVE 


A harmonic pressure field of frequency co and wave number k=^ convected along the 
structure exerts pressures of equal amplitude to all points. But at* points separated by 
“a” (equal to the stringer spacing which determines the periodic length) in the direction 
of p;opagation. the pressures ha\e the phase difference “ka". The responses of the 
infinitely long structure, at these two points are also equal in magnitude and also have the 
same phase difference. Therefore, it follows that the deflection (W), slopes (0). bending 
moments (M), and shear forces (S) and the points 0 and 2 (fig. 1) must be related by 


^2 

M2 

^2 


Woe- 


,-ika 


fl e-ika 


Moc 


-ika 


V 


-ika 


( 11 ) 
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Let US now consider the equation of motion of the skin panel 


Dsic 


• • 


P(x.y.t) 

D|ic 


Since the skin edges at the frames are simply supported, the solution of this equation is 
given by 

Xix -Xix iX-)X -iX-,x 
W = Ae +Be -^Ce “ +De ‘ + 



It should be noted that the coefficients A. B, C. and D are associated with the waves reflected 
by the stringers. 


V 


,*ikx 


( 12 ) 


DSic (k‘ + Xx ) (k2 - X2) 


From equation ( 1 2) for the deflection, the equations for the slope, bending moment, and 
shear force at any point in the panel can be derived. Expressed in a matrix form, 


W 

0 

M 

,S . 


eX,x 

:„x,XD* 




sk 

* 

'sk 


e-X,x 


-X|e*^l’^ 






3 

-sk 


giXix p-iX"*x 


' A • 



B 

■* iX->x • ^ 



-Xi^ “ *^sk *^sk 
^ iX->x ♦ •; 


C 

-iXi^ " *^sk r>sk ‘^2’‘ 


. D . 


1 1 


,-ikx 


'V 


Djj-tk- + X,)(k- -x;i 


-bJ. k- 

>4 ikJ 


(13) 


IS 





or 

{.l} = [A] {E(x)l |a| +Pe-‘‘^’‘ |k[ (15) 


where; 
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1 

I 

I 1 


^1 

-Xj 

iX^ “ 1 X 2 

(A) = 


* '> 

• T *2 



~^sk^2 ”^sk^2 


W 

-4^1 

-D^iX, D^iX^ 


,.XiX 

0 

0 0 


0 

^-X,x 

0 0 

lE(x)l = 

0 

0 

eiXsx 0 



0 

0 e~'^:'‘ 


p = 


n*|,(k- + x-Hk--x;) 


Ktjuation ( 1 h can now be rewritten as: 

|Z;| = )Z„| n„i 

From equation (15) 

jZol = ( \l lt(0)l }A| +P{K{ =(A1 |A| +P{K} (17) 

and 

{/,} = 1 \1 lFta)l |A| +Pe-‘‘^-‘ jK} (IS) 

Consideration of continuity across the stringers and tlio equilibrium of the stringers yielded 
equation ( I ). This equation can be rewritten as 


where: 


(SI = 


{/:|Hsi jz,| 


( F^) 


1 0 0 0 

0 1 0 0 

0 K 1 0 

-Kj^ 0 0 I 
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(20) 


Substituting for |Zt J from equation ( 16) in equation (19), 

|Zlt 

From equations ( 1 7) and (18), we can substitute for-|ZQ[ and |Zj| in equation (20). 

We then obtain 

I A) |a| +Pe“'’'^ |k| = (S| (Aj (E(a)) |A| + |sj 
or 

^S1 l \l (E(a)l -e-''^MAl)jA[ = Pe-'*^3 _{si j |k{ (21) 

where |I I i> j unit matrix of order 4x4. 

Equation (21 ) can now be used to solve for the coefficient matrix |.A| . Substituting for 
|.A I in equation ( 14). any of the response quantities can be calculated. It can be seen the 
matrix ((I) - (S| ) has only two nonzero elements; i.e.. (-Kp) and K.-p. Therefore. | A| 
vanishes if at a given frequency both K|^ and K-pgo to zero. An intrinsically tuned 
structure should, therefore, be designed so that the f.equenues at which Kj^ and Kj vanish, 
lie in between the .srwigiT (orsion and srringi-r hcntiing mode frequencies of the stiffened 
panel. Then the matrix .4 arising heeause of the reflections from the stringers vanishes, 
ami the resinynse reduces to a small value. 


It should be noted that coincidence excitation takes place, when the pressure field wave 
number k siitisfies the equation 

det |([S1 ( \1 [E(a)| -e''*"-' [Al)| =0 (22) 

laulei such conditions, the matrix .\ in equation (211 becomes infinitely targe for an 
undamped structure. Equation (221 shows the way in which the periodic structure th.eorx 
incoi pi'rates the mechanism of coincidence excitation of a periodically stilTened structure 
excited In a travelling pressure field. 

4.3 EFFECTS OF FINITE NUMBER OF BAYS 

In the above theory . the effect of refieetion of fiexural wave energx from the ends of a 
multibay periodic structure is not taken into account and. therefore, it is applicable to 
infinitely long periodic structures. For finite periodic structures, the reflections from the 
two ends can be incoiymrated by considering (wo groups of flexural waves travelling in 
opposite directions, as shown in refeamces .*> through 7 and reference 10. The responses 
of infinite and finite periodic structures were compared in reference 7. and it was shown 
that tlic infinite structure theop' can reasonably predict the response of structures with 
five or more number of ba\ s. I or this reason, it was decidcii to build five-ba\ panels for 
test purposes, althoug’' the anal\ tieal predictions were based on equations (21) and (141 
which are applicable to infinitely long, periodically stiffened panels. 
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4.4 THE RESULTS OF INITIAL ANALYTICAL STUDIES 


Bast'd on the above theory, a computer program was developed for predicting the response 
of infinitely long, penodic skin-stringer structures to convected random pressure fields. The 
program was set up so that skin and stringer damping loss factors measured in the laboratory 
test could be used as input parameters, in addition to other structural parameters such as 
skin thickness, stringer spacing, stringer moment of inertia, area of cross section, ;tc. 

Damping was introduced through the use of complex modulus; i.e„ E (l+irj), where rj is 
the loss factor. 

In the initial analytical studies, the effect of structural tuning on the dynamic response of 
a stiffened panel was studied by changing the stringer spacing and also by changing the 
stringer cross section. It is beyond the scope of this r>*port to go into the details of tiie 
analytical results and only the principal findings will be summarized here. As discussed 
earlier, a typical skin-stringer structure exhibits a mode called stringer bending mode which 
is such that all the adjacent skin bays are in phase (fig. 5). The frequency of this mode is 
close to the frequency fp of the individual skin bay. with clamped edges along the stringers 
and siinply-supporteu edges along the frame. This mode responds strongly, wiien the 
structure is e.xcited by a highly correlated and coherent near field engine noise field. It is 
found that when the structure is tuned, the response near the frequency fp is reduced but 
there are two otlier modes that respond strongly. The lower frequency mode (mode 1) is 
such that the adjacent skin bays as well as the stringer vibrate in phase, as shewn in 
figure b. The higher frequency mode (mode 21 is such that although the adjacent skin bays 
vibrate in phase, the skin and stringers vibrate out of phase, as shown in figure 6. For this 
reason, a certain amount of stringer damping treatment is necessary'. With damped stringers, 
the responses of these two modes are substantially reduced. It is found that the mts response 
of the structure can be reduced furtlier, when the structure is fine-tuned; i.e.. when the 
responses of modes I and 2 with damping treatment applied on the stringers are equal. 

.An optimum stringer damping is also found to exist. The response increases if the stringer 
damping is incre 'sed beyond this optimum level. For example, if the stringer damping 
loss factor is infinitely large, the stringers do not respond and there is a strong retlection of 
skin bending waves caused by the stringers. Modes 1 and 2 then converge, giving rise to a 
strong response at the fundamental frequency fp of the individual skin bay. 



Figure 5— Classical Stringer Bending Mode of a Periodic 
Skin - Stringer Pane! 
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MODE 1 




Figure 6.— T\,vo Principe! Modes of an Intrinsically Tuned Pane! 

Anah MS also sliows that nodes 1 and 2 exist in ditTerent degrees in panels that ne not 
intrinsically tuned. In panels with a large stringer spacing such that the skin ba> t':equenc\ 
is lower than the stringer frequency, the frequency of mode 1 is dose to the skin bay fre- 
quency fp. and this -node dominates the response spectnim. The mode 2 frequency is cU>se 
to tite stringer frequency ai\d has a mucii weaker response. For such panels, application .d 
damping tapes on the skia is ver> effective tn reducing the response of mode 1. On the other 
hand, application of daiiiping treatment on the stringers is not effective in reducing tlu 
response of mode 1. although it is effective in reviucing the response of mode 2. 

Fo- panels with a narrow stringer spacing, such that the skin ba\ ficquency is higher than 
the stringer frequency, the frequence of mode I isclo.ser to the sutnger fre iuency. and the 
frequency of mode 2 is closer to the s! in bay frequency. In tlris case, the lower fmquenc) 
mode is such that the skin acts like a relatively stiff member .supported on adatively Hexible 
stringers. With the large stringer deflections and with the entire panel surface vibrating 
in-phase, this mode is a strong radiator of sou M and, therefore, it dominates the radiated 
noise spei.tnim. For such panels, application of dair.pin;.; treatment on the skin is effectise 
in reducing the response of mode 2. but it is not so effective in reducing the res -onse of 
the first mode. Ou the other hand, application of damping treatment on the stringer is 
\er> effective in reducing the response of mode 1. and it is less effective in reducing the 
response of mode 2. 

Furthermore, for panels w ith verv stiff stringers, such that the skin bay frequency is lower 
than the stringer frequency, the frequeney of mode i is elose to the skin ba> frequency fp. 
This mode dominates the response spectrum. Fhc mode 2 frequenev is close to the stringer 
frequency and lias a much weaker response. For such p.mels. application of damping tapes 
(Ml the skin is very effective in reducing the a’sponse of mode I . w hereas application of 
damping treatment on the stringers is not so effective in reducing the response of mode 1, 
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For panels with very massive stringers, such that the skin bay frequency is higher than the 
stringer frequency, the frequency of mor'e 1 is closer to the stringer frequency, and the 
frequency of mode 2 is closer to the skit, bay frequency. However, in this case the stringer 
deflections are relatively small, and the first inode has a lower response than the second 
mode. The second mode response dominates the radiated noise spectrum. The response of 
this mode can be effectively controlled by applying damping treatment on the skin. The 
first mode response is effectively controlled by stringer damping, but since this is no longer 
a dominant mode and since the dominant mode around fp is not significantly affected by 
stringer damping, the overall level remai-is relatively unaffected by stringer d,imping. In 
this respect, this panel behaves differently from the panel with a narrow stringer spacing 
in which mode 1 is the dominant mode, althou^ in both panels the dcin bay frequency 
is higher than the stringer frequency, lowever, in aircraft structures, one is unlikely to 
encounter very massive stringers, since the goal is to design structures with high stiffness 
to weight ratios. This case was studied analytically for the sake of completeness, although 
this was mainly of academic interest. For the same reason, in the experimental study it 
wus decided to look into the effect of varying the stringer spacing instead of varying the 
stringer cros section. 



5.0 LABORATORY TEST RESULTS 


After the concept was developed and analytically verified, the next step was to conduct 
tests on actual hardware representative of a fuselage structural section so that the results 
of the analysis could be confirmed by test data. For this purpose, four skin-stringer panels 
vrere designed and fabricated. Two of them had structural components that were intrin- 
sically tuned. The other two had structural components that were off-tuned. The responses 
of the panels to an excitation field, simulating the characteristics of near field Jet noise, 
were measured in the laboratory. The purposes of the test were to verify: 

1 . The disappearance of the strong response around the frequency fp when the structure 
is intrinsically tuned 

2. ilie existence of the two principal modes of the tuned panel 

3. Tlie effect of applying damping treatment on the stringers o.i the low frequency 
structural response 

4. The [ feet of changing the stringer spacing so that the structural components are 
Uined oroff-iuned in different ways 

The purfxsse of this section is to present the method of designing the tuned panel, the 
principal results, and the conclusions of the laKsratoiy test. This test was conducted as a 
part of the Boeing Independent Research and Development program on Interior Noise. 

5.1 PANEL DESIGN 

In order to design the tuned panel, it was necessary to know the exact frequency of the 
stringer with and without any damping treatment. \ series of tests were conducted to 
develop stringer damping methods (fig. ?l. These were based on application of constrained 
layer viscoelastic damping treatment on the stringer Hanges. The results are presented in 
figure It was found that because of the large bending stiffness of the stringer cross 
section, the conventional damping tapes applied on the stringer flanges were not very 
effective, and it was necessary to use a thicker viscoelastic material and a thicker constraining 
layer of aluminum ( fig. 7). Ba.sed on tliese results, a damping treatment consisting of a 
0.010 in. { 0.00025 m) thick ,'M ISD 1 1 2 viscoelastic layer and a 3. 1 25 in. \ 0.08 in. 

(0.0"‘> m \ 0.002 m) aluminum strip was chosen. The stringer was 24.6 in. (0.625 m) long 
and was simply supported .it the two ends. The natural frequency of the stringer with the 
damping treatment was found to be 241 H/. and the change in the stringer frequency 
between damped and undamped conditions was small. The measured frequency also 
agreed well with the frequency predicted by equation (6). 

The next step was to design the tuned panel for which the natural frequency of the individual 
skin bay matched with the natural frequency of the stringer as measured from the test. 

From reference 27 the natural frequency of a rectangular panel with two long sides 
clamped and two short sides simply supported is given by 
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( 23 ) 



where: 

a Length of the shorter side 

b Length of the longer side 

t Panel thickness 

^sk-^sk**' “ Young’s modulus, density, and the Poisson's ratio of the skin material, 
respectively 

In the present case, *‘a” is the stringer spacing and ”b” is the frame spacing (and also the 
stringer length). The panel thickness was chosen to be 0.063 in. (0.0016 m), and the frame 
spacing was chosen to be 24.6 in. (0.62S m). The panel material was aluminum. Equation 
(23) was then solved for “a”, so that the panel frequency was equal to the measured 
stringer frequency; i.e., 241 Hz. In this manner the stringer pacing for the tuned panel 
was found to be about 7.5 in. (0.19 m). 

In order to verify the results of the analytical predictions, four skin-stringer panels were 
designed and built. They were identical except in stringer spacing. One had a stringer 
spacing of 7.5 in. (0. 1 9 m). and another had a stringer spacing of 7.25 in. (0. i 84 in). These 
two panels were, therefore, intrinsically tuned or very close to being so. 

•Another panel was built with 9 in. (0.228-m) stringer spacing. Calculations based on 
equation ( 23) showed that the skin bay frequency f„ for this panel was about 28'7 /ouer 
than the stringer frequency f^. Therefore, this panel was not far from being tuned. .A panel 
with a wider stringer spacing could have been chosen to simulate a greater degree of fre- 
quency mismatch. Howes er. a stringer spacing of 9 in. (0.228 m) w as chosen since that is 
tv'pical of many commercial airplanes. 

The fourth panel had a 5 in. (0. 1 3-m) stringer spacing. Calculations based on equation ( 231 
indicated that the skin bay frequency fp for this panel was about 2.52 times higher than 
the stringer frequency f^. Therefore, this panel was off-tuned to a larger degree. 

Each panel was chosen to have five bays. This reduced the effect of reflection of flexural 
waves from the pane! boundaries. In addition, the end bays were extended beyond the 
terminating stringers by about 3 in. (0.076 in), and standard foil-backed damping tapes 
(3M No. 4280 were applied on these extensions. A typical skin stringer panel is shown 
in figure 8. Tlte method of damping the stringers is shown in figure 9. 

5.2 RESPONSE TO MULTIPOINT EXCITATION 

Each of these panels was then instrumented with 1 1 accelerometers and 9 strain gages. 

The panels were mounted between a reverberant room and an anechoic box. .A set of 
lightweight electromagnetic shakers was u.sed to excite the panels (figs. 10 and 1 1). These 
shakers were connected in series and fed by current from a white noise generator to 
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figutv ff.—Useof hipinm. MiUtHuniU R,imhmt ExcthHian 
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simulate a cwrelated and c<dieient near Held jet noise environment. The frequency 
ran^ of the white noi» was from 0 to 1 kHz. The sound radiation from the panels into the 
anedioic box was measured by ax microphones installed in a vertical plane about 4 in. 

(0.10 m) away from the panel surface. These microphones were placed along the length of 
the paneU in two columns, with three microphones in each column. 

The panels were excited by uang the shakers in two configurations; ( 1 ) excitation at the 
center of each skin bay (five point excitation) and (2) excitation at the center of each 
stringer (six point excitation). The responses of each panel to both configurations were 
compared with the predicted response of that panel to white noise excitation at normal 
incidence, assuming that the panel was infinitel> long. The latter was based on the periodic 
structure theory as discussed in section 4.0. In the computation, was assumed to be 
unity in equation (IS). 

The predicted vibration velocity spectrum of the panel with 9 in. (0.228-m) stringer spacing 
is compared in figure 1 2 with the sound radiation spectrum obtained by using five point 
excitation. The latter was obtained from an FFT analyzer which plotted the transfer func- 
tion (ratio of the spectrum levels rather than PSDs) between the response and excitation. 
However, the predicted response is plotted on a PSD basis. For this reason, the numerical 
values along the vertical axes should not be compared. The main purpose at this point is to 
compare the frequencies and the shapes of the response spectra, rather than the absohite 
levels. These comments also apply to figures 13 through 1 7 (and figs. 42 and 43). The 
absolute values of the predicted and measured velocity responses are compared in section 7.6. 

In figure 1 2, a good agreement is observed between the predicted and the measured spectra. 
The peak sound radiation was predicted to occur at 142 Hz; the measured frequency was 
13.5 Hz. The predicted frequencies of tlie other two modes also agreed with the test data. 

However, for the panel with 5 in. (0.1 3-m) stringer spacing, poi . force excitation at the 
bay centers did not excite the modes that were predicted to be excited by the distributed, 
near field jet noise pressure field. This can be best illustrated by comparing the predicted 
acceleration spectra with that obtained by using five point excitation (fig. 13). .Although 
the mode at about 200 Hz was excited, the strong peak at about 700 Hz was clearly missing 
in the measured spectrum. These two modes corresponded to the two principal modes of 
this panel. On the other hand, there was a strong peak at about 457 Hz in the measured data. 
The measured mode shape at this frequency showed the existence of three half-waves along the 
width of the panel. 

From the test data, i, became clear that for the panel with 5 in. (0. 1.3-m) stringer spacing, 
point force excitation at each panel center unduly encouraged the mode with more than 
one halt wave along tl:e width of tlie panel, and the higlier frequency mode was not 
properly excited. To overcome this problem, it was decided to use point force excitations 
at the center of each stringer. 

The measured acceleration transfer function for the panel with 5 in. (0.1 3-m) stringer spacing 
is shown in figure 14 where it is compared with the predicted acceleration spectra. It can 
be seen that with the excitation at the center of each stringer, the 700-Hz mode is strongly 
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Figure 12.— Response of the Damped Panel with 9-in. (0.228-mJ 
Stringer Spacing 
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Figure 13.— Response of the Undamped Pane! with 5-in. (0. 13-m) 
Stringer Spacing (Pane! Center) 




Figure 14.— Response of the Undamped Panel with 5-in. iO. 13-m} 
Stringer Spacing (Pane! Center} 






Figure 15 —Predicted Velocity Response of the 
Tuned Panel With Damped Stringer 
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Figure 16. -Measured Response of the Damped 

Tuned Pane! With Five Point Excitation 
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Figure 17.— Measured Response of the Damped Tuned 
Panel With Six Point Excitation 


excited, and there is a ver>- good correspondence between measurement and prediction. Thus, 
while excitation at panel centers excited the predicted modes of the panel with d-in. (O.Z28-ni) 
stringer spacing, excitation at the stringer centers excited the predicted modes of the panel 
with 5-in. tO. 1 3-m) stringer spacing. 

The tuned pane' with 7.5-in. (0. 19-m> stringer spacing was initially excited by five point 
excitation, and the results were compared with the predictions. The mode 1 freouency was 
pr.-dicted to be about lo5 Hz; the mode 2 frequency was predicted to be 325 Hz (fig. 15>. 
Results with the five point excitation indic ited the presence of mode 1 at 175 Hz. but it was 
found that mode 2 was very difficult to excite with this type of excitation (fig. lb). .Another 
mode with three half-waves along the panel width was predicted to exist around 300 Hz. 

With five point excitation, this mode Wtis excited in the test panel at 280 Hz (fig. 16). 

Similar results were obseixed when the panel with 7.25-in. (0. 184-m) stringer spacing was 
excited by five point excitation. 

Tliese panels were then excited by six point excitation. For the panel with ‘’.5-in. tO. Id-m) 
spacing, the mode 2 was strongly excited at 360 Hz (fig. 1 7). .Although mode I was also 
e'' ■ :ed. t!ie response spectrum was now' dominated by mode 2. Similar results were obsencd 
w'lien the panel with 7.25-in. (0. 184-m) stringer spacing was excited by six point excitation. 

Notice that no matter how the panel was excited, there was no strong peak around 241 Hz. 

If the stringers were extremely stiff or extremely massive resulting in a stringer that was 
much higher or much lower than the panel frequency (i.e.. 241 Hz', there would have been a 
large response around 24 1 Hz. 
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11^ for Hush pm^ mihtte the esidt^oa u the bay centers exdted soom of the piedktel 
modes, sime important modes were missing, and these were im^riy excited by pladng 
the the Center of eaiA ^fWg^. Then^me.itf die piedfoted modes co^ be 

excfted b>' a combination of five kart six point excititioiK. 

This is also tnie for aH die paaeK For ^ paad with 9^. f0.22Snn) ^imger s|Mciiig. the 
frequency rtf' da; indivkhud ddo bay was lower than the fisqueocy of the Wringer, and the 
response to five point excitation was much stronger than the response to six p<mt exdtar 
tfon. Thus, the combined response was dominated by dre reqionse to fne pomt excitation, 
and the ineaaited response with fire point exdtadon compared wdl with the predictions. 

On the other hand, for the panel with 5-in. (0.13-m) stringer spacing, the frequeiKy of 
iruliviJual skin bay was h^er than that of the stringer, and the response to six point excita- 
tion was mudi stro^er than that due to fhc point excitation. Thus, the combiiied 
response was dcunuiated 1^' du re^xMise to six point excitatioa, and the measured ropoiwe 
with six point excitation compared well with the predicltons. Therefore, for all the panels 
the re:qHmse to n^ field jet noise exdtation could be property simuhted by superprai^ 
the reqionses to fK'e and six prfoit excitations. Therefore, it is more tneaningfid to compare 
the responte of aU the pamds to tlic vomWned eleven point exdtation. 

This cfeariy points out the importaiKC of excitation of appropriate structural modes when 
discrete Ibrcit^ functions me used to amulate a distributed pies»ire fkU. In the present case, 
it was necessary to pl»% the discrete excitatkHi near the structural member that had the 
lower uncoupled natural frequency*, since that member acted like a mote Hexibk member 
and thus determined the overall response. This al»> diows the necessity of examining and 
evaluating tite test data r^nst predictions based on a mathematical model of the test 
structure. 

5.2.1 PANEL DAMPING LOSS FACTORS 

The loss factors of each panel were measured at each accelerometer location, for most of 
tlic important mot’ es. All the bolts securing the panels on the door frame of the anechoic 
chamlvr were tightened using a measured constant torque, to avoid ail variation of damping 
from p -nel to panel, caused by frictional energy' dissipation in the panel mounting sy stem. 

The measured values of panel damping showed a considerable vanation from one point of a 
panel to another and from one frequency range to another. Since structural tuning affects 
the low' frequency modes, the damping values of the various panels are compared here only 
for the low frequency modes. Generally, these modes had somewhat hi^er damping 
compared to the modes in 500- to i 000-Hz range. 

Tile panel damping loss factors of the low frequency modes are plotted against stringer 
spacing in figure 1^ TTie range of variation of the damping loss factor is also shown in this 
figure. These were obtained by using the method of Kennedy and Pancu (ref. 28 1 . For 
each stringer spacing, the indicated damping values represent the variations over the first 
group of low frequency modes, as wei' as over the entire panel surface. Within each frequency 
group, the modes in which the adjacent skin bays and stringers vibrated in phase generally- 
had higher damping. 
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Figure 18 .— Variation ofPartel Dtmtping Loss Factors for the Low Frequency Modes 


FfDm figure 18, it is dear that for the undamped panels, the panel loss factm- b hi^er 
when the tuning condition b satisfied. Thb si^ge^ tfiere b incre^ed eneigy dissipation in 
the riveted skimstringer^ints when the panel b intrinsically tuned. 

The effect of applying damping treatment on the stringers b also shown in figure 1 8. (Since 
there was some overlap in the damping values for the pand with 7.2S-in. (0. 184-m) stringer 
spacing, the lo.'s factors for the daii:ped o>nditi(Hi are plotted wiOi a sli^t offset, to avoid 
any confusion.) The ovmll loss factors of aO the pan^ were increased approximately by a 
factor of two. The tuned panel stiO had die ma.ximuro overall dampii^. However, as described 
in section 5.2.2, stringer damping had the maximum effect on die response of the panel with 
i-tn. (0, 1 3-m) stringer ^lacii^ 
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S.2.2 ACCELERATION RESTONSE 




The accelention respcmse was measuied by pladi^ accekiometeis at the centers of each bay 
and each steinger. The variation of accderation response of die most dominant low frequency' 
mo(k of eadi panel as measured in the laboratory test. U plotted as a function of strinser 
pacing in figure 19. Since the excitation field amulating the near field jet noise 
excitation was in phase over dl die bays, the mode in which all the adjacent bays and the 
stringen vitwate in phase responded most strongly and, therefore, domuiated the response 
spectnun. This mode is important sitree it is a good radiator of sound and also has the 
highest stress lespmise. For these reasons, the acceleration, sound radiation, and the stress 
le^mes of uD the panels are compared in terms of the response of this mode whidi has the 
peak response in the low frequency range. 

It is reen that for a given structure, the low frequency acceleration response reaches a 
nunimum level when the skin panel and strin^rs are intrinsically tuned to eadi other. 

For the undamped condition, the response level goes up if the stringer spacii^ is increased 
or ^creased from the q?^ing that is required for satisfying the tuning condition. 

However, with damped stringers, the panel acceleration response measured in decibels 
decreased almost linearly as a function of stringer spacing. As the stringer spacing is reduced, 
a greater part of the vibratory energy was transferred to the itringers. As a re^lt, dampii^ 
treatmeni on the stringers became very' effective in reducing the resjxinse. On the other 
hand, application of damping treatment on the skin becom-s progressively less effective in 
reducing the response of low frequency modes as the stringer spacing is reduced. Thi« was 
predicted by the analytical model. 

5.2.3 SOUND RADI ATION 

Figure 20 plots the noise radiated by the most dominant low frequency mode as a function 
of stringer spacing. This plot is based on the data obtained by sii”iming up the signals from 
all the microphones inside the ancchoic box. Thus it is a mea.sure of the sound radiated by 
the entire panel. Witli no damping treatment, the radiated noise level decreased by more 
than 3 dB as the stringer spaemg was reduced from d in. tO.228 m> to 7.5 in. (0. 19 m). 

With a further reduction of stringer spacing, the level of radiated noise remained essentially 
at the same level. Thus, for an undamped structure, the tuning condition defines the point of 
diminishing return for reducing cabin noise by fuselage structural mOLlifications aimed at 
increasing the fuselage structural stiffness. 

Further reductions were possible by applying damping treatment on the stringers. Under 
damped conditions, the radiated noise level measured in decibels decreased almost linearly 
as a function of stringer spacing. The peak radiated noise levels measured by microphones 
placed near the panel centers are plotted in figures 21 and .22, again similar trends are 
observed. 

These results show that under undamped conditions, there is a limit to the noise reduction 
that can be achieved by changing the structural parameters. This limit can be achieved by 
designing the smi-.ture so that the skin panel and stringers are tuned to each other. 

However, further reductions are possible by choosing stnictural dimensions so that the 
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(AVERAGE OF GTIR 624. 626^ 628. SEE FIG. 33« 



( * RELATIVE TO THE RESPONSE OF THE UNDAMPED PANEL 
WITH 9" ( ^ m ) STRINGER SPACING ) 


Figure 19.— Reduction of the Peak Low Frequency Acceleration Response of the Skin-Stringer 
Panels by Tuning and Damping 
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(SUMMATION OF SIX MICROPHONE SIGNALS) 
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Figure 20.— Reduction of Peak Low Frequency Sound Radiation by Tuning and Damping 
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( * RELATIVE TO THE RESPONSE OF UNDAMPED PANEL WITH 9" (.228m) 
STRINGER SPACING) 


Figure 21 —Reduction of Peak Low Frequency Sound Radiation by Tuning and Damping 


uncoupled skin panel frequency is higher than that of the uncoupled stringer fn.quency and 
th 'n applying damping treatment on the stringer flanges. Under tliis condition, the skin 
acts like a relatively stiff member supported on relatively flexible stringers. As a result, 
damping treatment on the stringers becomes very effective in reducing the response. In 
contrast, skin damping would have been less effective in reducing the peak response of the 
panel with 5-in. (0. 1 3-m> stringer spacing. As discussed in section 4.4. the low frequency 
response of this panel is primarily controlled by stringer resonance. 
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(MICROPHONE 867. SEE FIG. 32) 



Figure 22.— Reduction of Peak Lew Frequency Sound Radiation by Tuning and Damping 

5.2.4 STRESS RESPONSE 

In orilcr to get an indication of the effect of intrinsic structural tuning on the sonically 
induced stresses in the fuselage stnicture. the bending stres-s response was measured at 
various jHvints on each panel. The stress data recorded in this test contained a large amount 
of noise at 60 Hz and its higlier harmonics. For this reason the stress responses are compared 
on the basis of the PSD responses of the most dominant modes. 

5.2.5 SKIN BENDING STRESS RESPONSE 

Tlie variation of peak skin bending stress response with the stringer spacing is .shown in 
figure 23. It can be seen that the ma.\imum skin bending stress is reduced by about 60^ 
as the stringer spacing is reduced from 9 in. (0.22 m) to 7.5 in. (0.19 m). Tlie response 
levels off as the stringer spacing is reduced to 5 in. (0. 13 m). Thus, when the tuning condi- 
tion is satisfied, maximum reduction is achieved with minimum weight penalty. 
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(AVERAGE OF GAGES 638. 639, & 641. SEE FIG. 34| 



STRINGER SPACING 


(•NORMALIZED WITH WITH RESPECT TO THE UNDAMPED PANEL WITH 9" (.228 m) 
STRINGER SPACING) 


Figure 23.— Reduction of Peak Low Frequency Skin Stress by Tuning and Damping 
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With damping treatment applied on the stringers, the response is reduced even further. 
Stringer damping reduced the skin bending stress response of the panel with 9 in. (0.228-m) 
stringer spacing by about S0%, that of the tuned panel by about 68%, and that of the panel 
with 5-in. (0.1 3-m) stringer spacing by about 90%. Thus, maximum skin bending stress 
reduction was obtained with reduced stringer spacing and increased stringer damping. 

S.2.6 STRINGER BENDING STRESS RESPONSE 

The variation of peak stringer bending stress response with the stringer spacing is shown 
in figure 24. Even for the undamped panels, the stringer bending stress response is minimum 
when the panel is intrinsically tuned. At first glance this is somewhat unexpected, since the 
stringer participation increases as the tuning condition is approached. However, the tuned 
panel had the maximum damping in the skin-stringer joints even when no damping treatment 
■•'as applied on the stringers. This increase in damping reduced the stringer bending stress to 
the minimum value. 

(AVERAGE OF GAGES 637 8i 640, SEE FIG. 34) 


PEAK STRINGER 

STRESS 

RESPONSE* 



(•NORMALIZED WITH RESPECT TO THE UNDAMPED PANEL WITH 9" (.228m) 
STRINGER SPACING) 


Figure 24.— Reduction of Peak Low Frequency Stringer Stress by Tuning and Damping 
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Thus, the tuned structure concept holds a significant potential for improving the current 
sonic fatigue design technology. However, the reduction in the skin and stringer bending 
stresses caused by tuning is also associated with an increase in structural damping because 
of frictional energy dissipation in riveted skin-stringer joints which may cause increased 
fretting in these joints. A certain amount of sonic fatigue testing of tuned and untuned 
skin-stringer panels will, therefore, be necessary to establi^ the actual improvements in the 
sonic fatigue life that can be accomplished by tuning the skin panel and the stringers. In 
addition, this may suggest application of jointing compounds that allow increased friction 
with no increase in fretting. 



6.0 FIELD TEST DESCRIPTION 


6.1 APPROACH 

In the laboratory test, discrete point force excitations were used to simulate the distributed 
near field jet noise field. It was observed that the predicted response spectrum caused by 
near field jet noise could be simulated by superimposing the response spectra due to excita- 
tions at the skin bay centers and at the center of each stringer. This was particularly so in 
simulating the response of the tuned panel. The field test provided an opportunity to 
examine the validity of this procedure. 

Three of the panels were exposed to the near field noise environment generated by the full 
scale upper surface blown (USB) YC-14 engine-wing-flap test rig, under the joint NASA-US.AF 
contract. The test panels were mounted in the opening of the portable anechoic box. The 
overall test setup and the position of the anechoic box relative to the engine are shown in 
figures 25 and 26. The purpose of the test was to measure the responses of the panels to the 
near field engine noise environment and to compare the response spectra so obtained with 
those obtained from the laboratory test. The tuned panel was tested in undamped and 
damped conditions. The other two panels with 9-in. (0.228-m) and 5-in. (0.1 3-m) stringer 
spacing were tested in the damped condition only. 

In order to assess the levels, spectrum shapes, and variations of the random pressure field 
incident on the skin-stringer panel, and also to assess the coherence and phase characteristics 
of the excitation, a boilerplate panel was mounted in the door of the anechoic box. Tliirteen 
microphones were fiiish mounted on the boilerplate panel. Four of these were used to 
monitor the levels and the spectrum shapes at the four corners of the boilerplate. The other 
nine were used to measure the spectrum shapes, coherence, and phase characteristics of the 
incident near field noise. 

Tlie boilerplate panel layout is described dimensionally in figure 27. Pane! thickness was 
.^,8 ir (0.0095 m). Viscoelastic damping was applied to the inner surface area lying within 
the mounting frame of the anechoic box doorway. A photograph of the boilerplate panel 
with the 13 microphones is shown in figure 28. 

bach skin-stringer panel required an associated pair of filler panels to fill the opening m the 
anechoic box. tach filler panel was 3 8 in. (0.0095 ni) thick. Each was treated with con- 
strained viscoelastic damping, and each had provisions for flush mounting microphones in 
the corners adjacent to the test panel. \ typical skin-stringvr panel with the filler panels 
is shown in figure 29, 


6.2 TEST PANEL INSTALLATION 

The same anechoic box used in laboratory tests was used in the field tests. Test panels 
were installed on a hinged heavy steel door frame designed to fit the anechoic box opening, 
file hinged frame was closed during test by three screws on the side opposite the hinges. 
The hinged frame provided convenient access for calibration of microphones inside the box 
and test panel sensor changes. 
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AN ECHOIC BOX 


test 






Hgar» 28.—Boii*^’'pfa{e Panel With Flush-Mounted Microphones 






The same panel installation procedures were used for both laboratory and Held tests. Mount- 
ing bolts were torqued to 80 lb-in. (9.04 Nm). and filler panels were not in direct contact 
with the skin-stringer test panels. Standard foil-backed damping tapes were .applied over the 
gaps on the exterior surfaces between test panel end bays, which extended about 3 in. 

(0.076 ml beyond the terminating stringei’s and the filler panels. All potential acoustic leaks 
between panels and mounting frame, and between mounting frame and anechoic box were 
sealed and covered with foil-backed damping tapes. 

Tile application of damping tape to seal all joints around the panel is illustrated in figure 30 
for the boilerplate panel. Prior to entering the anechoic chamber through penetration 
sleeves, instrumentation cables were routed through sand-filled “U” traps (shown in fig. 30) 
as a further means for preventing acoustic leaks. 

6.3 ANECHOIC BOX LOC ATION 

Tlie anechoic box used in laboratory and field tests was an Eckel Industries portable .AN-ECK- 
OIC chamber model number 888-150 with a specified cutoff frequency of 150 Hz. The 
outside dimensions define an 8-ft 7-in. (2.616 m) cube which weighs approximately 7000 lb. 

(-' 1 74.5 kg). Fl(X)r design for vibration isolation peii...tted elevating the box for field 
testing withovit impairing transmission loss characteristics. Section joints were waterproofed 
for the field test environment, and the box interior was heated by a 100-W light bulb to 
lower the relative humidity. 

■A fork lift w'ith maximum lifting capacity of approximately 1 5 000 lb (6803.8 kg) was used 
as the basic support platform for the anechoic box. This economical system allowed quick, 
convenient working access to the box for panel changes and instrumentation checkout and 
calibration. .A support cradle with fork pockets and attachment points for guys provided 
a s»*cure tie between box and lift. The guying installation stabilized the box against motion 
during test without interfering with the raising/lowering convenience provided by the fork 
lift. 

The position of the anechoic box during panel testing is .shown in figure 25. Tire final box 
location placed the vertical centerline of a test p.mel mounted on the box rd about 25 ft 
( 7.62 m) downstream from the nozzle exit plane and about 25 ft (7.62 m) to the left (on 
the pylon stand sidel of the nacelle centerline. The horizontal centerline of a test pane! 
mounted on the box was at about the .same elevation as the engine centerline. 

The location decision, based on model scaie data fer engine over wing configuration, was 
intluenced by the following factors: 

1 . No impingement of jet tlow on the box 

2. Representative sound pressure levels 
Broad spectrum .shape 

4. Correlation and convection properties of the excitation field 

5. Minimizing effect of ground reflections 

0 . No significant impact on ground test nicasurements 
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Figure 30.-Anechoic Box With the Boilerplate Panel Irmalled 



Early testing disclosed that with the USB nozzle door open, the jet flow was impinging 
directly on the test panel even with the anechoic box moved as far from the engine center- 
line as site configuration would permit. Consequently, all tuned structure data were taken 
with the USB door closed. 


6.4 INSTRUMENTATION 
6.4,1 SENSOR DEFINITION AND LOCATION 
Microphones 

Simultaneous pressure measurements were made at 13 surface points on a rigid panel blank 
m the area where test panels were mounted. Thirteen 1/4-in. (0.00635-m) diameter B&K 
microphones were flush-mounted in the boilerplate panel designed to insert in the 24-in. 
(0.b09-m) \ 60-in. ( 1.524-m) opening of the box. The boilerplate microphone locations are 
shown schematically in figure 27 and with microphones installed in figure 28. Data from 
the nine centerline microphones were recorded to establisli variations in spectrum levels over 
the panel and also the phase and coherence properties of the pressure field in directions 
parallel and perpendicular to the stringers. 

The four comer microphones were used for monitoring sound pressure kncls for all test 
nins. For skin-stringer panels, the four comer microphones were located on the filler panels 
associated with each panel. 


Sinniltaneous pressure measurements were made at six points inside the anechoic box to 
provide data on transmission loss across the test panels. 1 hese measurements and the 
summation of these measurements were recorded for each test condition. Loc.'»tions of 
microphones inside the box are shown schematically in figure 31. The microphone installa- 
tion inside t!ie aneciioic box is shown in figure 32. 

The data from a micropltone located on the upper wing surface was also recorded as a 
relerence signal simultaneously with tuned structure measurements. 

AcceleruiiK'ters 

Simultaneous accelerativsn measurements were made at 10 points on each skin-stringer 
panel. Panel acc>'lcrometer locations are identified in figure 33. 

The 1 1th accelerometer was inounted on the left hand door frame iviewed from inside) 
on the test panel hori/ontal centerline to monitor response of the anechoic box installation 
to engine fluctuating pressure fields and ground vibration. Figure 29 shows the accelerome- 
eters installed on the test panel. Accelerometers were attached w;rh dental cement. Signals 
from the 1 1 accelerometers were simultaneously recorded on the same tape. 

Strain Gages 

.Simultaneous strain measurements were made at nine points on the skin-stringer panels. 
Strain gage locations are defined in figure 34. 
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-DOOR FRAME 
ANECHOIC OX 


FRONT VIEW LOOKING INTO BOX 

NOTE: ALL MICROPHONE FACES WERE 4" (.101m) AWAY FROM 
INSIDE SURFACE OF PANEL *SKIN’ 



Figure 31.— Location of Microphones Inside the Anechoic Box 










6.4.2 MEASUREMENT SYSTEMS 


.All data including microphone, accelerometer, and strain gage measurements were recorded 
simultaneously during each test condition. Microphone signal conditioning and recording 
c(iuipment were located in the acoustics trailer; accelerometer and strain gage signal condi- 
tioning and recording equipment were located in the dynamics test trailer. Data recorded 
with both measurement systems were time-related by means of a common IRIG B time 
code which was recorded on all data tapes. 

The acoustics data acquisition system is illustrated in figure 35. The dynamics data acquisi- 
tion system is illustrated in figua- 36. 

6.5 TEST CONDITIONS CONEICURATIONS 

Field test data for all panels were taken at two consistent engine power settings of 2943 and 
3oS4 rpm (corrected N j ) corresponding approximately to 50' r and 90''; corrected 
installed gross thrust. 

Test conditions and configuration pertinent to tuned structure data acquisition are 
summari/cd in table 1 . 


Table 1— Tuned Structure Field Test Conditions 


Run 

Condition 

Corrected 

(rpm) 

Test panel 
stringer spacing 

10.01 

05 

2943 

9 in. (0.228 ml 


10 

3684 

(Damped) 

11.01 

05 

2943 

7.5 in. (0.19 m) 


12 

3684 

(Damped) 

12.02 

10 

2943 

7,5 in. (0.19 m) 


20 

3684 

(Undamped) 

13.02' 

11 

2943 

5 in. (0.13 m) 


12 

3684 

(Damped) 

15.02* 

07 

2943 

Boilerplate 


08 

3684 

(Baseline) 


Test Contigur.ition 

• USB doors closed 

• Vortex generators down 

• USB flaps up 

• Reverser closed 

• Bleeds closed 

• Bellmouth inlet 


'Inlet tube installed 
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Figure 35— Bloch Diagram— Acoustics Data Acquisition System 


















TYPICAL RECORD SYSTEM 


Figure 36.— Block Diagram— Structural Dynamics Data Acquisition System 














6.6 ASSESSMENT OF DATA VALIDITY 


Early testing with USB door open showed that jet flow was impinging directly on the test 
panel even with the anechoic box moved as far from engine centerline as site configuration 
would permit. Therefore, tuned structure data were taken with flaps up and USB door 
closed. However, the panel microphones were exposed to impinging flow, when VC-14 
program conditions with USB door open were run during the same test. As a result, some 
panel microphone diaphragms were damaged by the impinging flow. The two bottom panel 
microphone signals were lost for the 5 in. (O.I3-m) skin-stringer panel (run 13.02), and the 
three bc>itom microphones (corners atid center) and left hand microphone on the horizontal 
centerline were lost on the boilerplate panel (run 15.02). The Kulite reference signal 
(microphone 43 on the upper wing surface On the engine centerline near the trailing edge) 
'•/as lost during both conditions of run 10.01 (skin-stringer panel with 9-in. (0.228-m) 
stringer spacings). 

Strain gage data were lost for run 1 2.02 condition 10 (panel with 7.5-in. (0. 19-m) stringer 
spacing, at lower power setting) when the dynamics recorder mode swhtch was inadvertently 
placed in the wrong position. 

In the PSD analysis of acceleration and stress data, a frequency bandwidth of 1 Hz was used. 
The time sample length was chosen so that the data were analyzed with 200 degrees of 
freedom. With 90^7 confidence, the true PSD level was betw'een approximately 1.15 times 
the observed PSD and 0.85 times the observed PSD levels. In the PSD analysis of the 
acoustic signals, a bandwidth of 1.25 Hz was used. The time sample length was chosen so 
that the data were analyzed with 96 degrees of freedom. With 90'/f confidence the true 
PSD level was between -tl dB and -1.2 dB of the observed PSD level. 
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7.0 RESULTS OF THE FIELD TEST 


7.1 EXTERN.AL PRESSURE SPECTRUM 

The e.xtemal noise level incident on the panels was measured by microphones flush-mounted 
on the boilc plate panel. Typical PSD plots (fig. 37) show a broadband noise spectrum with 
a peak level around 100 Hz. For both low and high power settings, the noise PSD levels 
rolled off approximately at the same rate for frequencies above 100 Hz. In addition to the 
peak around 100 Hz, there w„., x peak around 70 Hz associated with USB pr ipulsion system. 
This peak is more pronounced in the .spectrum of the microphone mounted on the wing 
(fig. 38). 


7.2 COHERENCE .AND PHASE CHARACTERISTICS 
OF THE INCIDENT PRESSURE FIELD 

The coherence and phase properties of the excitation field were measured by nine micro- 
phones flush-mounted on the boilerplate panel (figs. 2~ anc 28). Three were used to 
measure the coherence and plu.se in the direction parallel to the stringers, and seven were 
used to measure coherence and phase in the direction perpendicular to the st.ingers. The 
measured data were analyzed to assess the coherence and phase of each microphone signal 
with th.it of the center microphone. 

Figure 39 shows a strong coherence of signals up to about 1000 Hz in the direction parallel 
lo the stringers. In the perpendicular direction, the coherence was very high for frequencies 
r.p to about 350 Hz. The coherence between microphones B5 1 and B54 dropped to a 
minimum value around 550 Hz and reached a fairly high level around 1000 Hz. The rca.son 
for this dip in coherence functiou is not clear. However, since all the panels had their 
frequencies of peak response below 350 Hz. the panels may be considered to have been 
excited by a highly coherent noise field. 

Figure 40 shows the change of phase of the incident noise field in the directiocis perpendicular 
and pamllel to the stringers obtained from a cross PSD anahsis. In the perpendicular direc- 
tion, the phvised difference between the central microphone and the other microphones is 
small over the entire frequency range. 

Also in the parallel direction, the change of phase is small especially ocknv 350 Hz. altlunigh 
there is evidence of a trace wave travelling at a supersonic trace velocity . Therefore, it may 
be concluded that during the field test, all the panels were excited by a highly correlated and 
coherent external noise field, especially at lower frequencies. 

7.3 PANEL RESPON.SES 

.All the panels had their most important modes in the frequency range 100 to 350 Hz. This 
was observ'ed dunng the laboratory and the field tests. For this rea.son. the str.ain response and 
acceleration response of all the panels had maximum levels above 100 Hz. However, in all 
cases the spectra of radiated noise inside the anechoic box showed a peak around 50 Hz 
(fig. 41 ). This peak was caused by sound traasmission tiirough the box walls and was not 



FREQUENCY (kHz) 


Figure 37. — Power Spectra! Density of the Incident Noise 



FREQUENCY (kHi) 


Figure 38.— Power Spectral Density of the Noise Measured by a Microphone Placed 
on the Wing Next to the Exit Noazle 
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f'iili,- ' 39.— Coherence of the Incident Noise Field 
(Nj 3684 rpml 
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PHASE ANGLE IN DEGREES PHASE ANGLE IN DEGREES 
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Figure 40.— Variation of Phase Characteristics of the incident Noise Field 
(N^ 3864 rpm) 
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Figum 4 1.— Field Re^p-^nse of the L'ndamped Tuned Panel 
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associated with any of the panel response, since the panel stress or acceleration spectra do 
not show corresponding peaks at 50 Hz. This 50-Hz peak was absent in the laboratory 
test spectrum, since the excitation was applied on the panels only, with no excitation on the 
other walls of the anechoic box. Thus in all these cases, the microphone data below 100 Hz 
were ignored. For this reason the OASPL of sound level inside the anechoic box was also 
not meaningful, and the panel responses were compared on the basis of the peak responses 
at frequencies associated with the most important panel modes. 

Figure 42 plots tlie field test spectrum of the noise radiated by the panel with 7.5-in. (0.1 9-m) 
stringer spacing, as obtained by the suntmation of the signals from all the six microphones 
inside the anechoic txi\. This is compared w’ith the response of the same panel as measured 
from the laboratory test (fig. 4.^1. Tlie laboratory' test spectrum is based on a combination 
of the spectra due to five and six point excitation3(i.e.. from figures 16 and 17). In comparing 
the two plots, it should be remembered that figure 42 presents the spectrum of the PSD 
of the field test data plotted on a logarithmic scale, and figure 43 presents the spectrum of 
the transfer function of sound radiation, obtained from the laboratory test, plotted on a linear 
scale. Second, the laboratory test data were based on multipoint excitations, all in phase 
and fed by current from a white noise generator. In contrast, the excitation spectrum measured 
during the field test was not flat, and the correlation and coherence characteristics dropped 
off with increased separation distance and also toward the high frequency part of the spectrum. 

In spite of these differences, it can be seen that there is a good correspondence between the 
two sets of data. Both mode 1(175 Hz) and mode 2 (360 Hz) were excited during the field 
test. The mode at 280 Hz observed in the laboratory test can also be identified in the field 
test data. 


('ivmparison of the response spectra of the other two panels also showed a similar degree 
of correspondence between the laboratory and the field test data. For the largest panel 
witli ‘)-in. (0.228-m) stringer spacing, some minor variations were caused by the nonuni- 
formity of the incident noise level over the panel length. 

7.4 COMPARISON OF PANEL RESPONSES 
7.4.1 ACCELERATION RESPONSE 

The PSD of peak low frequency acceleration response of each panel averaged over the three 
central bays is plotted as a function of stringer spacing in figures 44 and 45. It can be seen 
that for both power settings, the PSD of acceleration response, plotted on a decibel scale, 
decreased as the stringer spacing was reduced from 9 in. (0.228 m) to 5 in. (0.13 m). This 
compares well with the laboratory test data. The dashed line in figures 44 and 45 shows 
the trend observed from the laboratory test data obtained from figure 19. (This was 
obtained by superimposing the results of the laboratory and field test results by arbitrarily 
equating the responses of the damped panel with 9-in. (0.228-m) stringer spacing under 
laboratory and field conditions. Similar comments also apply to figures 46 through 53.) The 
response of the panel with 5-in. (0. 1 3-m) stringer spacing was somewhat less than what was 
expected from the laboratory test data. This was due to two reasons: ( 1) the field test 
excitation spectrum rolled off toward higher frequencies, whereas a white noise spectnim 
was used in the laboratory', and (2) for this panel, the total .surface area exposed to the 
noise field was about 40T less than that of the panel with 9-in. (0.228-m) stringer spaeing. 
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Figure 42. — Sound Radiated by the (Damped) Tuned Panel (Field Test) 
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Tlie change' in the response of the tuned panel, between the undamped and damped condi- 
tions, was also similar to what was observed from the laborator>’ test (compare fig. 19 with 
figs. 44 and 4 SI. ' 
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Figure 45 — Variation of Peak Low Frequency Acceleration Response With Stringer Spacing 
(Nj = 3684 rpmj 


7.4.2 SOUND RADIATION 

The PSD of peak sound radiation (above 100 Hz) is plotted against stringer spacing in 
figures 46 and 47. Tliese plots are based on the d' ta obtained by summing up the signals 
from all the microphones inside the anechoic box. It can be seen that the radiated peak 
noise level decreased almost linearly with the stringer spaeings. and the agreement between 
the laboratory and the field test is excellent when the spectrum shape of excitation in the 
tleld and the difference in panel sizes are takc:i into account (compare fig. 20 with figs. 46 
and 47). 
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Figure 46.~Variation of Peak Low Frequency Noise Level With Stringer Spacing 
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Figure 47 — Variation of Peak Low Frequency Noise Level With Stringer Spacing 
(Nj- 36S4 rpni) 


riic lovch moasua'd b\ ihc microphono B(>7 arc also plotted in rigures 48 and 40. .Again 
tlio trends of the laborat('r\- ( Hg. 22) and field test data are similar. The variation of the 
sound PSD level measured by P(i6 with respect to stringer spacing was similar to that shown 
in figures 48 ,md 44, 
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Figure 48.~Variation of Peak Low Frequency Noise Level With Stringer Spacing 
(Nj = 2943 rpm) 
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Figure 49 — Variation of Peak Low Frequency Noise Level With Stringer Spacing 
(Nj=3684rpm) 


7.4..1 STRESS RESPONSE 

The PSD of pe;ik skin panel bending stress response, averaged over the three strain gages 
in the central bays, is plotted against stringer spacing in figures 50 and 51. Again it can be 
seen that the peak panel bending stress response can be significantly reduced by redi..ing 
the stringer spacing so that th ■ skin frequency is higher than the stringer frequency and 
then applying damping treatment on the stringers. The trend served in the field test 
is similar to that observed in the laboratory', when the field spectnim shape is ken into 
consideration. The change ir “le skin bending stress response of the tuned panel, under 
damped and undamped conditions, is also similar to that observ'ed in the laboratory test 
(eon pare with fig. 23). 
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' y 50.— Variation of Peak Low Frequency Panel Stress Response With Stringer Spacing 
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Till' PSD of pt all stringer bending stress response, averaged ov. t!,e two strain gages on the 
two eentral stnngeis, is plotted against stringer spacing in tlgmes 52 -nd 53. As the stringer 
spacing was reduced, tne stringer bending stress response was also reduced. However, the 
rate of change of the stringer str ;s is much slower than that of the panel stress Fu>r the 
panel with 5-in. (0.1 3-nit spacing, the skin and stringer bending stresses arc comparable, 
wit!: damping treatm^n. applied on the stringers. Tor this panel, any damping treatment 
applied on the skin would liave Ixen much less effective in '.ducing either the skin r the 
s'ringer bending st' ■ response. 
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Figaro 53.— Variation of Peak Low Frequency Stringer Stress Response Witn Stringer Spacing 
(N 1 - 3034 rprnl 


I'ho dianiTO in llic strincor stress response between umlainpeii and dampeil condition was 
higlier than that obsc'r\ed in the laborator\ test (compare fig. with tig. 24!. In the field 
the panel was initiall> lested in tlic damped condition. Then the daiv ing treatment was 
removed so that the panel could be tested in the undamped condition. It was not eas\ to 
remove the d imping treatment because- of the Itighly adhesb. e property of tiic visce>eiastic 
material, and the O.OS-in. (0.002-ni) tliick metal constraining strip had to be pried open 
with considerable diftlculty. It is possible that the strain gages on the underside ot the 
stringer llangcs were damaged during this process and heiKC a malfunction is suspccte-d. 
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7.5 COMPARISON OF THE FIELD TRANSMISSION LOSSES OF THE PANELS 


In the field test, the panels were excited by the near field engine noise. This incident noise 
field is neither reverberant nor a true plane wave. However, since the phase va’^ation over 
the panel surface was small (fig. 40). the incident noise field may be approximated by a 
plane progressive wave incident nonnal to the panel surface. 

The noise radiated by the panels was measured inside an anechoic box at points close to the 
panel surface. Since a plane wave is assumed to be incident on the panel, a plane wave may 
be assumed to radiate away from the panel and into the highly absorptive receiving space. 
.Although this is questionable at high frequencies, it should be a reasonable assumption at 
low to mid frequencies. 

Under the above condition and within the specified limitations, the ASTM E336 procedure 
may be used to calculate the field tran-^ issioii loss (tTI ) of the panels. Tliis is defined as 


FTL - L|q — L-* — 6 


(24) 


where: 


L IQ = .Average sv’unJ pressuic level (dB) at the face of the panel measured by flush-mounted 
microphones 

1 -> = Average sound pressure level (dBl in the receiving side measured at p<nnts close to 

the panel surface 

In equation ( 24t. a factor of o dB is siibtracteil to account for the reflection of the incident 
muse field by the panel surface. 

In calculating L|q. an average sound spectrum was obtained fa'n the levels f’casurcd by 
the four comer micropliones used for eacli panel. Similarly. L-> vvas obtained by averaging 
the sound levels measured b'. the rn'crophones in the anechoie box. 

rile ASTM b33b procedure specifies that although the microphones in the anechoic box 
should hi- close to the panel surfaces, they should not be cIosit than a quarter wavelength 
from the panel surface. In this test, the microphones were placed about 4 in. (0.101 m) away 
from the panel surface. It is obvious that the specification was noi met. especially at low 
frequencies. However, a distance of 4 in. (0. 101 ml was used in order to readily identify 
the f eaks and the valleys of the radiated noise spectra with those obtained t rom the 
acceleration spectra, measured by an accelerometer near the same location. .As tlie micro- 
phone distance is increased, noise components coming from different parts of the structure 
contribute to the noise signal with different phase differences a-id time delays, which can 
make suci' comparison of structural and acenistic data more difficult. The main purpose of 
the test was to study the changes in the panel transmission loss caused ’'v stnictural tuning 
and damping. The procedure dcsetibed above should be adi’quate for that pi., pose. 
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Figure 54 shows the third octave band field transmission of the tuned panel in both 
undamped and damped conditions. The analysis was carried out in one-third octave banc's 
rather than in full octave bands, in order to identify the valleys associated with the important 
structural mode groups. For example, the two valleys in the FTL of the undamped tuned 
panel in 160- and 400-Hz bands are associated with the modes I and 2. This detail would 
be losi in a full octave band analysis. The analysis is limited to frequencies above 100 Hz. 
since flanking transmission through the anechoic box walls masks the data below this 
frequency. In addition, a flat panel analysis of unpressurized fuselage structure is not valid 
below 100 11/ . since the overall modes involving large scale deformations of the fuselage 
cylinder tend to become important at frequencies below 100 Hz. 
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Figure 54.— Field Transmission Loss of the Tuned Panel 
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It may be noted from figure 54 that the undamped panel has a high transmission loss around 
250- and 3 1 5-Hz bands. This is to be expected, since vibration energy is transferred from the 
skin panel to the stringers in these frequency bands because of intrinsic stiuctuial tuning. 

On the other hand, if the stringer spacing was kept constant and the actual stringers were 
replaced by others that are extremely stiff in bending or extremely massive, a deep valley 
would have been created in the panel transmission loss around 2S0-Hz band. Structural 
tuning has. therefore, effectively increased the panel transmission loss in this frequency 
band and 3 1 5-Hz band. Such a method of increasing the panel transmission loss in certain 
frequency bands should be particularly useful in situations where the excitation is due to 
discrete tones; e g , in turboprop or prop fan aircraft. 

For the undamped tuned panel, the transmission loss passes through a minimum around 
1 60- and 400-Hz. This requires the use of some additional damping treatment. Figure 54 
sliows a 6-dB improvement of FTL in the 160 Hz band due to stringer damping. The 6-dB 
improvement around 160 Hz is significant, particularly since the tuned panel had a high loss 
factor even under undamped conditions. In addition, there was a 4-dB improvement around 
1 25 Hz and a 2.5-dB improvement around 400 Hz. Further reductions should be possible 
in all these bands by applying damping tapes on the skin. 

Fhc damped panel has a slightly lower transmission loss around the 250- and 3 1 5-Hz bands. 
This is to be expt. . . ' since the damping treatment on the stringers smooths out the peaks 
and the valleys of the pane! response spectnim. Above 800 Hz. the damped panel had about 
2-dB higher transmission loss at most frequencies. The only exception is around 1.6 kHz 
where the FTL of the undamped panel was about 1.5-dB higher. This could be genuine or 
it could be caused by the scatter of the experimental data. In general the damped panel had 
about ^ IB higher transmission loss above 800 Hz. This is consistent with the mass law 
effect, since the stringer damping treatment added about 29^ extra weight to the structure. 

( Light stringer damping treatments that are almost equally effective have since been 
Jevelope ' i 

The transmission losse , of the various panels with damped stringers are compared in figure 55. 
Th,- fata for the panels with 9-in. (0.2'’*<-m) and 7.5-in. f0.19-m) stringer spacing are shown 
for nequ^acies above 100 Hz. The daiu for the panel with 5-in. (0.13-m) stringer spacing are 
shown above 160 Hz. The problem of flanking transmission through the walls of the anechoic 
box prevented the extrapolation of the test data below these frequencies. In addition, 
extrap fation of data obtained from testing unpressurized flat panels to frequencies below 
190 Hz would have given deceptively encouraging estimates of the fuselage sidewall trans- 
mission loss, since overall cylindrical modes are involved at these frequencies. 

The transmission losses of the various panels are compared in figure 55. The valleys in the 
transmission loss curves of each panel can be identified with the resonant modes established 
earlier from the narrow band PSP data. Several interesting conclusions can be drawn from 
this plot. With damped stringvfs. the panel with 5-in. (0.13-m) stringer spacing had the 
highest transmission loss at low frequencies. This panel had a higher transmission loss even 
in the 250-Hz band because of the application of damping treatment on the stringers. The 
results ot the computer program based on the theory presented in section 4.0 as well as the 
modal survey conducted during the laboratory test indicated that, for ri,is panel, the struc- 
tural modes in the 250-Hz band are such that the skin acts like a relat’ .ely stiff member 
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supported c n relativt.';. i.cxible stringers. For this reason, the stringer damping was highly 
effective ip • icrr r<; the transmission loss of this panel in this frequency band. On the 
other hano, ap. licatiou of any damping tape on the skin would have b^en much less effec- 
tive in thi . frequency band. As predicted by the analyas, the trarismission loss of this 
panel in this frequency bind is controlled primarily by stringer resonance. 

'fherefore. the key to increa[~ing the transmission loss at low frequencies is to design the 
structure so that the skin baj., freq iency is much higher than the stringer frequency, and then 
applying damping treatment bl\the stringers. This can be achieved by various means be Jdes 
using a narrow >'r stringer spacing, as woa done in the present study. For example, the condi- 
tion is automatically satisfied in a press irized fuselage. A typical cabin pressure differential 
K about 8 or 9 p>i (55.16 x KP or 62.05 x 10^ N/m-). This increases the fundamental 
frequency of the individual skin bay to a value that is much higher than that of the stringer. 
In the 250- to 450-Hz range, the dcin then acts like a relatively stiff structural member 
supported on relatively flex-ble stringers. In a pressurized fuselage, application of damping 
treatment on the stringers should, therefore, be very effective in reducing cabin noise in the 
above frequency band. Traditionally, noise transmission in this frequency band has been 
regardeu as stiffness-controlled, since this is below the fundamental frequency (typically 
500 to 650 Hz) of the individual skin bay carrying inpiane loads caused by cabin pressuriza- 
tion, and since application of damping tapes on the skin bays is not very effective in this 
frequency band. 
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Figure 55— Comparison of Field Transmission Losses of the Various Panels 
With Damping Treatment Applied on the Stringers 
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From figure 55, it may also be observed that the panel with 5-in. (0.1 3-m) stringer spacing 
had a high transmission loss in 3 1 5- and 400-Hz bands. In these bands, the stringer response 
is higher than that at the panel center, as it may be seen from figure 56, where the accelera- 
tion response of the panel center is compared to that at the center of an adjacent stringer. 
Notice that the existence of such a band of high transmission loss is most clearly visible for 
the panel with 5-in. (0.1 3-m) stringer spacing; i.e., the panel for which the fundamental 
frequency of the individual skm bay is higher than that of the stringer. 1 herefore, the 
transmissioii less curve of a pressurized fuselage structure should also exhibit such characteris- 
tics. The existence of such frequency bands of high transmission loss may be effectively 
utilized ■*! situations where the excitation is due to discrete tones; e.g., in prop-fan airciaft. 
One would then attempt to design the structures so that the excitation tone of greatest 
concern falls within such a frequency band. 

Figure 55 shows that this panel had a poor transmission loss in the 500 Hz. - 1 kHz band, 
even with the damping treatment applied on the stringers. In this frequency band, the 
structural modes have half wavelengths comparable to or less than the stringer spacing, and 
the skin bays tend to vibrate as individual rectangular panels. This can be inferred from 
figure 56. Therefore, in this frequency' band, skin damping would be highly effective in 
increasing the transmission loss. Tliis was verified by the results of the computer program. 

In addition, the fiberglass insulation becomes effective in this frequency band. The excita- 
tion spectrum also tends to roll off at these frequencies. 

•\ similar situation exisi> in the 500 Hz - 1 kHz band in a pressurized fuselage structure and. 
for this reason, the application of damping tapes on the skin is quite effective in this frequency 
band. As a result, ai this frequency band, noise transmission in a pressurized fuselage has been 
correctly regarded as damping controlled. 

.Another interesting, although somewhat academic point may be observed from figure 55. 

It may be seen that compared to the panel with .5-in. (0. 1.3-n.) ‘nnger spacing, the tuned 
panel has a higher transmission loss at frequ-mcies above 2 k*t s discussed earlier, the 
tuned panel transmission loss at these frequencic.« is es.sentiali> ..^ntrolled by the mass law, 
since most of the low order modes occur at much lower frequencies. On the other hand, 
the panel with 5-in. (0. 1 3-m) stringer spacing shows distinct re.onances around 4 kHz which 
should account for the valley in this frequency band. This is only of academic interest, 
since application of skin damping tapes would effectively fill up this valley. In addition, 
the fiberglass insulation would significantly raise the transmission loss at these frequencies. 

7.6 COMPARISON WITH PREDICTION 

As mentioned in the previous sections, a computer program was developed on the basis of 
the equations derived in .section 4.0. to predict the re.sponse of infinitely long, periodic skin- 
string 'r structures excited by a convected random pressure field. The responses of the 
finite skin-stringer panels used in this study were calculated by using th > computer program. 

A highly correlated white noise excitation was used to simulate the ’ J^nt near field 
noise environment generated by the U.SB A'C-14 propulsion system. 
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Figure 56.— Comparison of Pane! and Stringer Responses for the Stringer 
Damped Panel with 5-in. (0. 13-m) Stringer Spacing 



To calculate the response of the undamped panels, the panel loss factors measured in the 
laboratory test (fig. 18) were used as inputs to the computer program. However, the 
response of the stringer-damped panels could not be accurately predicted by using the 
measured loss factors of the stringer-damped panels. The measured data represents an 
apparent loss factor of each panel, whereas the damping treatment used was of localized 
nature. Therefore, the responses of the stringer-damped panels were calculated by setting 
the skin toss factors equal to the measured loss factors of the undamped panel (fig, 18) and 
setting the stringer loss factor equal to the measured loss factor of the stringer with the 
constrained layer damping treatment (fig. 7). 

In section 5.2. we compared the predicted spectra for the various panels with the correspond- 
ing laboratory test data and found some reasonable agreement. In figure 57, the predicted 
mean square acceleration response over a wide frequency band (50 to 1000 Hz) containing 
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Figure 57— Predicted Variation of the Mean Square Acceleration Response to 
Highly Correlated White Noise With Stringer Spacing and Damping 
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many modes is plotted as a function of stringer spacing. It is seen that the response of the 
panel goes through a minimum, for undamped as well as damped conditions, when the 
tuning condition is satisfied. This plot is based on the assumption that the excitation spec- 
trum was flat with a high degree of correlation and coherence over the entire frequency 
range, and the damping loss factor of each panel was constant over the entire frequency 
range. However, the field test excitation and the panel damping cha.''cteristics were different 
from above, and for this reason, these results cannot be directly used for comparison. 

Therefore, it was decided to compare the measured and predicted results on the basis of the 
peak low frequency response levels, since this is really more important from the designer’s 
standpoint. 


The results are shown in figure 58 in which the variation of the peak low frequency accelera- 
tion response is plotted as a function of stringer spacing. With no external damping, the 
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Figure 58— Predicted Variation of Peak Low Frequency Acceleration Response 
With Stringer Spacing and Damping 
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acceleration response passed through a point of diminishing return when the tuning condition 
was satisfied. With damping treatment applied on the stringers, the panel response, plotted 
on a decibel scale, decreased linearly with stringer spacing. The maximum reduction was 
observed for the panel with the narrowest stringer spacings; i.e., the panel for which the 
uncoupled frequency of the skin bay was greater than that of the stringers. 

The variation of the peak low frequency velocity response is plotted as a function of 
stringer spacing and damping in figure 59. Similar conclusions can also be drawn from this 
plot. 

So far, we have discussed the variation of the predicted and measured response levels of the 
various panels with respect to those of the undamped panel with 9-in. (0.228-m) stringer 
spacing. It will now be instructive to compare the absolute levels obtained from the 
analytical models and the field test. 
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Figure 59— Predicted Variation of Peak Low Frequency Velocity Response With 
Stringer Spacing and Damping 
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The computer program based on the equations presented in section 4.0 can be used to 
predict the velocity response PSD at each bay center of an infinite panel to unit excitation 
PSD level. The predicted peak low frequency velocity PSD level was, therefore, obtained by 
multiplying the above by tlie average of the excitation PSD levels measured by the four 
flush-mounted comer microphones. The rms velocity response over a 1-Hz bandwidth 
centered around the frequency of peak response was then obtained by taking the square root 
of the above quantitv 

The measured rms velocity response was obtained in ihe following manner. From the field 
test acceleration data, the peak low frequency acceleration PSD level averaged over panel 
bay centers (i.e., average of data from the accelerometers GRIR 622, 624, 626, 628. 630 in 
fig. 33) was calculated. The velocity PSD level was obtained next, by dividing the above by 
CO- where co = 2rrf and f is the frequency of peak low frequency response. The rms velocity 
response over a 1-Hz bandwidth was then calculated by taking the square root of the velocity 
PSD level. 

The predicted and the measured rms velocity responses are compared in figure 60. If there 
were a perfect agreement between the predicted and the measured values, the points 
A. B, C, D in figure 60 would have fallen exactly on the solid line. The dashed line represents 
a variation by a factor of two. Since the points .A. B, C, D lie in between these two bounds, 
the predicted levels are higher than the measured Rvels. but the variation is within a factor 
of two. 


.A certain amount ot discrepaiicv' between the me.-.sured and pred.ieted levels is ti' be expected 

because of the following taet<irs 

1. The tC' t panels we.^e o! finite lengtli. whereas in the analv lieai nunlcl tiic panels were 
assumed to he inl'nitelv long. 

2. V'ariation ot’ the panel damping cliaractcristics over the test panel surlaces. 

3. V'ariation of the fielil te"t sound pressure levels over the test panel .surfaces. 

4. 1 X'stence v'f certain .imoimt of warping of the test jMiiels. 

5. Nonideal boimdarv condiiioiisol the test panels, siiwe 'be simpK suppiortval coiivlitions 
akmg tlic frames were only ..pprosimatelv simulatcvi. 

6. l Aistcnce ol tuning onk t\ pc imules ot the sirmeer erosN section, which was not 
accoimtevl I'oi' m llie analv sis. 

In spite of tl’.ese diflerencvs there c.ms a l.iir agreement between the pivdiction and the test 

data. 
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Figu,^ W— Comparison of the Predicted and Measured rms Velocity 
Responses of the Low Freciuency Modes 



S.O CONCLUSIONS 


A good corre^ndence between the analytical prediction and the results of the laborator>' 

and field tests has been observed. Tlie following points have emerged from the study. 

1. Analytical studies indicate that when the structural elements are intrinsically tuned, the 
response of a skin stringer panel does not pass th.ough a peak at a frequency close to 
the fundamental frequency (fpl of the individual skin bay, clamped along the stringers 
and simply supported along the frames. On the contrary, the response of the panel is 
reduced considerably around this frequency. This has been verified by the laboratory' 
and the field tests. 

Analytical studies also indicate that two other modes appear at frequencies above and 
below the frequency fp. as ^own in figure 6. The responses of both these modes can 
be reduced by applying damping treatment on the stringers, provided the stringer loss 
factor is below a certain optimum value. The existence of these two modes as well as 
the effect of stringer damping is verified by tests conducted in the laboratory and in 
the field. 

2. Laboratory test data indicate that with no external damping treatment the damping loss 
factors of the low frequency modes pass through a maximum w hen the skin and 
stringers are intrinsically tuned. 

3. Laboratory test d.ata indieai. in the absence of any external damping treatment, 
the skin-stringer panel response of the most important low frequency mode passes 
through a point of Jinrinishir.g return when the tuning condition is satisfied. 

4. The predicted modes of the par.tl with 9-in. t0.228-m» stringer spacing were excited 
by excitations at the center of e.ich skin bay. On the other hand, the predicted modes 
of the panel with .^-in. ( 0. 1 3-ni i stringer spaci.ng were exciteu by exc'tation at the center 
of each stringer. The predicted modes of the tuned panel were excited by a combina- 
tion of botli types of e.xcitation. f his was further confirmed by the field test data. Care 
sliould. therefore, be exercised when discrete forcing functionsare used to simulate a 
distributed pressure field. 

5. Tlie field transmission loss of the undamped tuned panel with 7.,5-in (0. i9-ni> stringer 
spacing shows two valleys at frequencies corresponding to the two principal iPodes 
shown in figuie (s. In between these two valleys, the transmission loss passes through 

a maximum. This occurs in a frequency range in which the vibration energy is trans- 
ferred from the skin panel to the stringers because of intrinsic structural tuning. Such 
a method of increasing tlie panel transmission loss in ceilain frequency ba, ds should be 
particularly useful in situations wheie the excitation is caused by discrete tones; e.g.. 
in turboprop or prop-fan aircraft. 

■Application of damping treatment on the stringers effectively smoothed out the valleys 
and the peaks in the transmis.sion loss spectrum. There was a 4-dB improvement around 
1 2.5 H/. a b-dB improvement anniinl IbO Wy. ano another 2.5-dB improvement around 



400 Hz. Further improvements should be possible in all these bands by applying 
damping tapes on the skin. Therefore, intrinsic tuning broadens the frequency band 
over which damping treatment on the stringers and the sk-.n can be effective. 

6. The field transmission loss of the stringer damped panel with 5-in. (0. 1 3-m> stringer 
spacing shows two valleys in two frequency bands containing two of its important 
modes. Both of these modes were excited in the laboratory' test, 'wng excitation at 
the center of each stringer. The mode shape at the lower frequency is such that the 
skin and stai.^crs vibrate in phase. At this frequency, the skin acts like a relatively 
stiff member supported on relatively' flexible stringers. For this reason, application 

of damping treatment on the stringers was hisjily effective in increasing the transmission 
loss in the frequency band containing the abov'e mode. On the other hand, application 
of damping tape on the skin would have been much less effective in this frequency 
band. 

The mode shape at the higher frequency is suc'.i that the centers of the skin bay and 
the stringer vibrate out of phase. The structural wavelength is then comparable to the 
stringer spacing, and stringer damping is not as effective around this frequency. On 
the other hand, skin damping should be hi^ly effective in this frequency band. 

In between the two valleys at these two frequencies, the transmission loss passes 
through a maximum. In this frequency' band, ihe velocity response at the stringer 
center is higher than that at the panel center. The existence of such a frequency band 
with a high transmission toss may be effectively utilized in situations where the 
excitation is cau.sed by discrete tones; e.g.. in prop-fan aircraft. One would then attempt 
to design the structure so that the excitation tone of greatest concern falls within such 
a frequency band. 

7. The key to acliieving a high transmission loss at low frequencies is to design the 
structure so that the skin bay frequency is much higher than the stringer frequency, 
and then applying damping treatment on the stringers. This condition is automatically 
satisfied in a pressurized fuselage in which the inplane tensile loads induced by cabin 
pressurization significantly increases the skin bay frequency. In a pressurized fuselage, 
application of damping treatment on the stringers should, therefore, be very effective 
in reducing cabin noise in the 250- to 450-Hz band. Traditionally, noise transmission 

in this frequency band in a pressurized fuselage has been regarded as stiffness-controlled, 
since this frequency band is below the fundamental frequency (typically 500 to 650 H ') 
of the individual skin bay carrying inplane loads caused by pressurization, and since 
application of damping tapes on the skin bays is not very effective in this band. 

8. A good agreement was obtained between the predicted and measured natural frequencies 
and mode shapes. The predicted and measured rms velocity responses at the skin 

panel center were compared for the most dominant low frequency modes, and an agree- 
ment was obtained within afactor of two. The predictions were based on the assump- 
tion that the lest panels were infinitely long. Considering this and other factors that 
were not taken into account in the simplified theory, the agreement is reasonable. A 
better agreement could be obtained by including, the chove factors in a more detailed 
analysis. 
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9. In an aircraft fuselage, the skin thickness, stringer spacing, and cross section, etc.. 

vary from one part of the fuselage to another. The excitation is also not uniform over 
the length of the fuselage. Thus, it could be difficult to achieve and maintain a high 
degree of intrinsic tuning of various structural components over a large section of the 
fuselage. However, it seems that from the designer's standpoint it is not always 
essential to have an exact matching of the natural frequencies of the various components. 
Perhaps the most important finding from the development of the intrinsic structural 
tuning concept has come from a better understanding of the mechanism of structural 
response. It is seen that the structural member having a natural requency lower than 
the frequencies of the other members becomes the key element .ontrolling the response 
of the stiffened structure around its fundamental frequency. .At higher frequencies, the 
other members can also be dominant in controlling the response. This is particularly 
important when the structure responds to broadband excitation sources typical of turbo- 
jet and turbofan engines and boundary layer turbulence. Therefore, it is important to 
identify the key structural elements that control the structural response in various 
frequency ranges so that vibration energy can be transferred from the skin to t'ne 
stiffeners, if necessary . and damping treatment can be applied to the various elements 
for effective control of cabin noise and structural vibration in different frequency 
ranges. In particular, in what is normally regarded as the stiffnes.s-controlled region, 
the noise transmission may actually be controlled by stiffener resonances, depending 
upon the relationship between the natural frequencies of this skin bay and the stiffeners. 
Therefore, cabin noise in the siv-called stiffness controlled region may be effectively 
reduced by applying damping treatment on the stiffeners. 

In contrast, the past attempts in reducing cabin noise at low frequencies were centered 
around inevasing the stnictural stiffness (see forexampic. ref. 2^ ». The present study 
has pointed out that the reduction of low frequency cabin noise by using such an 
approach follows a law of diminishing return. 

Low frequency cabin noise and sonically induced stresses can. therefore, be effectively 
reduced by using the follow ing criteria based on the intrinsic stnictural tuning concept. 
Damping should be applied on the rkin if the skin-bay frequence fp is lower than the 
stringer frequency l\.. Damping can be applied on the skin and on the stringers, if the 
structure is intrinsically tuned. I or maximum low frequency noise radiation, the 
structure should be designed so tliat the skin frequency is greater than the stringer 
frequency t... and then damping should be applied on the stringers. .Additional skin 
damping tapes can also be applied to the skin for additional benefit in the mid frequency 
<500- I 500 11/ 1 range. It is therefore necessary to know tiie frequencies of the various 
structural elements, and these can be easily obtained through analy sis and testing. 

Thus, the fuselage structure should be designed so that, in addition to satisfying the 
static strength requirements, it has a high transmission loss at low frequencies and a 
long sonic fatigue life. The development of the intrinsic structural tuning concept is a 
step in that direction. Hie concept is in its initial stages of development, and further 
analysis and testing of more representative sections of the fuselage structure will be 
necess;iry for reali/ing its full potential. In this’ study . the effect of tuning and damping 
the stringers was investigated by analy/ing and testing skin-stringer panels. In order to 
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reduce cabin noise at lower frequencies involving overall cylindrical modes, a similar 
analyas and testing of periodically stiffened cylinders will be necessary, so that the 
effect of tuning and damping the frames (ref. 3) may be investigated The effect of 
frame resonances on the overall cylindrical modes of the fuselage was discussed in 
reference 3 and it was observed that for certain combinations of frequencies and 
circumferential wave numbers, the overall cylinder response is essentially controlled 
by frame resonances. Therefore, application of damping treatment on the frames 
should also he effective in reducing low fretiuency noise transmission into the aircraft 
cabin. 
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